Motivation

Long time ago, when | was young, | was studying
In a Lab as a graduate student.

My Supervisor, Prof. Namiki, had studied Landau
Hydro-dynamical Model from Field Theory point

of view.

It was the only place at that time in Japan,
where the hydro was daily discussed.

From the Lab came Muroya, Nonaka, Hirano,
Morita ... who now actively study the hydro-
dynamical model.



Yes, | will also study the
hydro for supporting
young friends.
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Transport Coefficients

Important for the Entropy Production

A Step towards Study of Gluon’s Dynamical
Behavior — Parameters for non-equilibrium
motion.

They are (in principle) calculable by Lattice
— using Kubo Formula
They are important for understanding “a

New State of Matter” which iIs realized In
RHIC and LHC.



A Comparison with Lattice Results

T P. Braun-Munzinger, K. Redlich and J. Stachel
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RHIC-data [—) Big Surprise !

Hydro-dynamical
Model describes
RHIC data well !

D

At SPS, the Hydro describes
well one-particle distributions,

HBT etc., but fails for the

\elllptlc flow.




Hydro describes well v2
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Hydrodynamical calculations are based on
Ideal Fluid, I.e., zero shear viscosity.



Or not so surprise ...

 E. Fermi, Prog. Theor. Phys. 5 (1950) 570
— Statistical Model

o S.Z.Belen’skji and L.D.Landau,
Nuovo.Cimento Suppl. 3 (1956) 15

— Criticism of Fermi Model
“*Owing to high density of the particles and to
strong interaction between them, one cannot
really speak of their number.”

Hagedorn, Suppl. Nuovo Cim. 3
(1956) 147. Limiting Temperature



Teaney, nucl-th/0301099
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Another Big Surprise !

Oh, A

model assumes zero
really ?

VISCOSIty,
l.e.,, Perfect Fluid.
 Phenomenological

Analyses suggest
also small viscosity.

e The Hydrodynamical [




Liquid or Gas ?

Frequent Momentum
Exchange

OR

Opposite
Perfect fluid  Situation Ideal Gas



Literature (1)

e |so, Mori and Namiki, Prog. Theor. Phys. 22
(1959) pp.403-429

— The first paper to analyze the
Hydrodyanamical Model from Field Theory.

— Applicability Conditions were derived:
e Correlation Length << System Size

* Relaxation time << Macroscopic
Characteristic Time

e Transport Coefficients must be small



~ N
If produced matter at RHIC Is

(perfect) Fluid, not Free Gas

woes itmean?

Is QGP not
a free
Gas ?

A new
state of
= Matter is




Lowest Perturbation
(lllustration purpose only)
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Kubo’s Linear Response Theory

o Zubarev
“Non-Equilibrium Statistical Thermo-
dynamics”

 Kubo, Toda and Saito
“Statistical Mechanics”



o ~ e ™ non-equilibrium statistical operator

A= jd3x,8(x,t)u‘/TOV(x,t)

B=[dx[ due™™ T, (x,)2(B(xt)u")
Using: e *® = e‘A+j'OldTeAf Be e " +...
PR Pyt j;df(eAT Be e " — < B>eq),0eq

Py =€ " 1Tre" — exp(-pH)/Tre™”
In the co-moving frame,u“=(1 0 0 O0)



<TW> - <Tﬂv >eq T
Hdx [ dee I, (%1, T, (1)) 10" (Au”)

where (T, (1), T (X))
= _[:dr<TW(x,t)(e‘ATTpg(x',t')eAT —<Tp0(x',t')>eq)>

< > n@'u’ +6'u')/2

(T")=—2(B7(x1)0' B+0,u")
(P)=(P)g =0, " 1




e One can show

(T, (T (Xt == at"(T, (x0T, (xt")

Transport Coefficients are expressed
by Quantities at Equilibrium



n=-[dx [ dte V[ dt < T, (ROT,(X\1) >,
4

e =" [ [ e (" dt<T, (R OT, (X 1) >

e _$ [aox [ dte® o[ dt < T (ROTL (R >,

77 . Shear Viscosity g : Bulk Viscosity

we do not consider in
Quench simulations.

XY : Heat Conductivity =)

T (X't T, (X1)
O

tl eg (tl —1 ) t

—o<t'<t <t



Some Special Features of
Lattice QCD at Finite
Temperature and Density

Nga

High Temperature =) Nta[ : small



Energy Momentum Tensors

1
T, =2Ir(F, F,——0o,F, F.)

Uo ' vo 4 uv ' po’ po

(T, =0)
U, (x) = exp(ia’gF,, (X))
F, =logu  /ia’g

or

F,. =(U

uv

-U,,")/2ia’g

uv



Real Time Green function vs.
Temperature Green function

Hashimoto, A.N. and Stamatescu,
Nucl.Phys.B400(1993)267
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Temperature Green function

G, (7, X7, X") =<<T ¢(7,X)p(z", X') >>
d(t,X) =€ ¢(0,X)e"
G,(7,%,0,0)=G,(r + 3,%0,0)
K, (&, B)=F [ dee™ G, (r, %7, %)

gn :z_ﬂninzoiiliizin
p

Matsubara-frequencies



Abrikosov-Gorkov-Dzyalosinski-Fradkin

Theorem
5 -~ dw AMow) .6 .
K = =1K (I
&= rae ~ a4
Imw
/On the lattice, we measure A
27T Temperature Green function
gn =—0N at .
/8 \_ = én -

Rew

. 2

We must reconstruct
Advance or Retarded

Green function.




Transport Coefficients of QGP

We measure Correlations of
Energy-Momentum tensors <T, )T, (7)>

a

Convert them (Matsubara Green Functions)
to Retarded ones (real time).

o

Transport Coefficients (Shear
Viscosity, Bulk Viscosity and
Heat Conductivity)



Ansatz for
the Spectral Functions

We measure Matsubara Green Function on Lattice (in
coordinate space).

<T,X)7T,(0)>=G,(t X)=F.T1.G,(®,, p)

lw, —

. P, @
Gﬂ(p,la)n):jda)p(p )
We assume (Karsch-Wyld)
p:A[ }/2 7 T 7/2 2)
z\(M-w) +y° (M+w) +y

and determine three parameters,
A,m,y.
We need large Nt !
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L attice and Statistics

lwasaki Improved Action
16° x 8

3=3.05 : 1333900 sweeps
3=3.20 : 1212400 sweeps
3=3.30 : 1265500 sweeps

24° % 8

=3.05 : 61000 sweeps
B=3.30 : 84000 sweeps

Quench




Results: Shear and Bulk Viscosities
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Very high Temperature
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n o
< can have the lower limit ?

e Counter Example by Prof.

Baym

— We heat up Billiard Balls which
have inter-structure. Then
Entropy increases. If the
surface of the balls does not
change, the Viscosity should be
the same.

mm) -0
S

 We may give Counter-
Argument




Entropy Density

U-TS=-TlogZ=F
j> S___8+p

Pl iy 5 p
-4 4

T 5 P d LT

We reconstruct p from Raw-Data by CP-PACS
(Okamoto et al., Phys.Rev.D (1999) 094510)
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Comparison with Pertubative

Calculations
m in Gev’ n=— CiTg
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Spectral Function by Aarts and Resco
p(w) = p*"(w)+ p"" (@)

S0 o s _u.'r‘,.y}/ plow(a)) — X bl + bZXZ + .-
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Effect of High-Frequency part

_ _Bw high
P =p0 + O
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Summary

We have calculated Transport Coefficients on Nt=8
Lattice:

— Quench Approximation
— We can fit three parameters in the Spectral Function:

p:A( 7/2 2 T 7/2 2)
7\ (M-w) +y° (M+w) +y
Shear Viscosity

— Positive 77/5 ~ 01

Bulk Viscosity ~ O

Improved Action works well to get good Signal/Noise
ratio. T

1%



Fighting against Noise




Fluctuations in MC sweeps
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Errors in U(1), SU(2),
SU(3) standard and SU(3) improved
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Figure 2. Error as a function of number of MC
sweeps at T = 2 for U(1) 8 = 1.2, SU(2) §.=30,
SU(3) # = 6.25 and improved action for SU(3)
3=3.9



Low Freguency Region in Spectral
Function p(®) is Important

@

n=r lImZE——< Horsley and Shoenmaker
o—>0 )

(e— 0) after the Thermo-Dynamics
Limit
Long Range in t of Thermal Green
Function <T,,(0)T,, () >on the Lattice
should be precisely determined.

==) The finite volume scaling will be required.



Why they are so noisy ?

 RG improved action helps lot.

— Noise from Lattice Artifact ?
(Finite a correction ?)

— Once we checked that there Is not a
so much difference between
Fuv Z(UW —UWT)/Zi and FW = IogUW /1

for SU(2). But we should check it again.



The situation reminds us Glue-Ball
Case. (I thank Ph.deForcrand for discussions

on this point.)

Glue-Ball Correlators = <

e.d.,

V 4

where

[
+

(7)

(0))

Large (extended) Operators work better,
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e Mmmm... not works ...



Another Extended Fuv

(I thank Rajan Gupta for convincing me by

stressing this operator so strongly.)



A Crazy method
Source method + Langevin (Parisi)

Z(J)= [ Dge ="

Source

Method S S
(p(8(y)) = 5303 53(Y) log Z(J)

Langevin dg(x) —_ 0S +7

Update dt O0P(X)

Deterministic  t:Langevin time,

No Accept- n . Gaussian Random Numbers
Reject step



6 ()., —{e),
(p(X)p(Y)) = 5309 (p(y)), = -
W),

< Calculate by Langevin

(g(y)), &

by the same Random Numbers
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Namiki et al., Prog.Theor.Phys. 76 (1986) 501

O(3) Non-linear c-model



In our case, ...

(Very very prel
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Anisotropic Lattice ?

Anisotropic lattice has matured and will
help us to get more data points to
determine the spectral function.

G, (H(12'xNr)

Improved action , =3 4
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<4 /)/, Aarts and Martinez-Resco, JHEP0204 (2002)053
('Q??@ - Criticism against the Spectrum Function
o) Ansatz.
Petreczky and Teaney, hep-ph/0507318
Impossible to determine Heavy Quark

Note that Transport
Non-Equilibriumc€l¢gifiations are in general subtle.

B mportant Regions : @ ~ 0

BPhysics is in Infra-Red L.e., Tk
Limit

3 (namical

H: > 1/L
L >00,6 >0




Future direction ?

 |If we can extract the Spectral Density p(a))
we can get the Transport Coefficients.

— Maximum Entropy Method by Asakawa, Nakahara
and Hatsuda

— S. Gupta’s method hep-lat/0301006

 We need (probably)

— Anisotropic Lattice

— Finite size scaling analysis
 FullQCD ?

or

with Quark Sector even in quench ?



We need data ajlarge T (small »)

. 1
with O(E Errors

e Brute Force ?

— Not so crazy because the next Super-
Computer is Peta-Flops Order.

» Good Operator — w'—

— Extended el Geld /
— Renormalized o LI
10° |
10— t%t 6 7 8



Anyway
o Lattice Study of
Transport

Coefficients
Is a Challenge !

o And | will
appreciate any
your comments for
the next step.

 What we showed today is
a Starting Point.
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